Background The definition and predictors of early recurrence (ER) for gastric cancer (GC) patients after radical gastrectomy are unclear. Methods A minimum-p value approach was used to evaluate the optimal cutoff value of recurrence-free survival to determine ER and late recurrence (LR). Receiver operating characteristic curves were generated for inflammatory indices. Potential risk factors for ER were assessed with a Cox regression model. A decision curve analysis was performed to evaluate the clinical utility. Results A total of 401 patients recruited in a clinical trial (NCT02327481) from January 2015 to April 2016 were included in this study. The optimal length of recurrence-free survival to distinguish between ER (n = 44) and LR (n = 52) was 12 months. Factors associated with ER included a preoperative C-reactive protein-albumin ratio (CAR) ≥ 0.131, stage III and postoperative adjuvant chemotherapy (PAC) > 3 cycles. The risk model consisting of both the CAR and TNM stage had a higher predictive ability and better clinical utility than TNM stage alone. Further stratification analysis of the stage III patients found that for the patients with a CAR < 0.131, both PAC with 1-3 cycles (p = 0.029) and > 3 cycles (p < 0.001) could reduce the risk of ER. However, for patients with a CAR ≥ 0.131, a benefit was observed only if they received PAC > 3 cycles (54.2% vs 16.0%, p = 0.004), rather than 1-3 cycles (58.3% vs 54.2%, p = 0.824). Conclusions A recurrence-free interval of 12 months was found to be the optimal threshold for differentiating between ER and LR. Preoperative CAR was a promising predictor of ER and PAC response. PAC with 1-3 cycles may not exert a protective effect against ER for stage III GC patients with CAR ≥ 0.131.
Introduction
Gastric cancer (GC) is the fifth most common malignancy in humans and ranks third in tumor-related mortality [1] . Although scholars have worked hard to improve the diagnosis and treatment of gastric cancer, the recurrence rate of patients with gastric cancer is still high-approximately 18-45.5% [2] [3] [4] -and the long-term survival rates are still not optimal [5, 6] .
Many studies have shown that early recurrence heralds a worse prognosis after radical tumor resection for several Jun Lu and Bin-bin Xu contributed equally to this work and should be considered co-first authors.
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Extended author information available on the last page of the article tumor types, such as pancreatic cancer, lung cancer, colorectal cancer, liver cancer and intrahepatic cholangiocarcinoma [7] [8] [9] [10] [11] . Although the term "early recurrence" is often utilized in both the academic and clinical setting, a clear definition is currently lacking, with arbitrary cutoff values varying between 12 and 36 months reported in the literature [12] [13] [14] [15] . Therefore, in this study, we used prospective clinical trial data to establish an evidence-based cutoff value to differentiate between early and late recurrence based on the difference in prognosis after recurrence and to identify independent risk factors for early GC recurrence after radical gastrectomy. An evidence-based cutoff value for early recurrence has the potential to aid clinicians in the prognostic stratification of post-gastrectomy patients, and the identified risk factors reported herein could help guide adjuvant treatment decisions.
Materials and methods

Study population
Between January 1, 2015, and April 1, 2016, a total of 438 patients admitted to Fujian Medical University Union Hospital were recruited to the study, and 419 patients were ultimately included in the final analysis [16] (ClinicalTrials.gov number NCT02327481). Details on the inclusion, exclusion, quality control, and randomization were previously reported [16, 17] . The present study is a substudy of the above-mentioned RCT. After excluding 10 patients with neuroendocrine carcinoma, 6 patients with palliative surgery and 2 patients without evidence of GC, the present analysis was restricted to 401 patients for whom curative gastrectomies were performed and for whom postoperative pathology confirmed stage I, II, or III gastric adenocarcinoma (pT1-4aN0-3M0) according to the 7th American Joint Committee on Cancer staging [18] . The study flow chart is shown in Supplementary Fig. 1 .
This RCT was conducted in accordance with the protocol that was approved by the institutional review board of our hospital. All the candidates were well informed and provided their full consent after they received a verbal explanation of the study and an informational document [16, 17] .
Definitions
The preoperative measurements of the complete blood counts (CBC), C-reactive protein (CRP) and albumin (ALB) were derived within the 7 days prior to surgery as stated previously [19] . All blood tests were performed using the same sample.
Neutrophil-lymphocyte ratio (NLR): the ratio of the number of neutrophils to the number of lymphocytes.
Platelet-lymphocyte ratio (PLR): the ratio of the number of platelets to the number of lymphocytes.
Systemic immune-inflammatory index (SII): SII: platelets × NLR.
C-reactive protein-albumin ratio (CAR): the serum CRP level divided by the ALB level.
Adjuvant chemotherapy: according to the patient's wishes and their physical condition, fluoride-based adjuvant chemotherapy was recommended for most patients with pathological stage II and III disease [20] in our center, as previously described [21, 22] . A total of 256 patients (63.8%) received adjuvant chemotherapy, with the median number of cycles being 5 (range 1-12), similar to a previous study [23] . According to the cycles they completed, the patients were divided into the following three groups: group A: patients who did not receive any chemotherapy treatment; group B: patients who completed 1-3 cycles of chemotherapy; and group C: patients who completed more than three cycles of chemotherapy [24] .
Recurrence: recurrence was diagnosed based on radiologic findings or biopsies with suspicious lesions. The recurrence-free survival (RFS) period was defined as the period from the date of the surgery to the date of recurrence or last follow-up without recurrence. For RFS, the patients who died without known tumor recurrence were censored at the last documented evaluation. The recurrence patterns were classified as local recurrence (LR) (anastomotic or gastric remnants), lymph node (LN) and distant metastasis (DM) (peritoneal, hepatic, pulmonary, or other sites of metastatic disease) [6, 19, 25] . Post-recurrence survival (PRS) was defined as the period from the first recurrence to either death or the last follow-up. When patients were diagnosed with recurrence, systemic chemotherapy or supportive therapy were usually recommended according to the patient's willingness after a discussion with the multidisciplinary team (MDT).
Follow-up
The median follow-up time was 29 months (range 3-41 months). Overall survival (OS) was defined as the period from the date of surgery to the date of death or final follow-up, as previously described [26] . Postoperative follow-ups were performed every 3 months for 2 years and then every 6 months from years 3 to 5. Most routine patient follow-up appointments included a physical examination, laboratory tests, chest radiography, abdominal ultrasonography or CT and an annual endoscopic examination.
Statistical analysis
Continuous variables are reported as the mean values ± SD or median (interquartile range). Continuous data were compared across cohorts using an unpaired t test unless the data were not normally distributed (as assessed by the Kolmogorov-Smirnov test). In these instances, the Mann-Whitney U test was used. Categorical data were compared using the Chi square test or Fisher exact test wherever appropriate. Receiver operating characteristic (ROC) curves were generated to estimate the optimal threshold for NLR, SII, PLR and CAR as risk factors for early recurrence. The Akaike information criterion (AIC) asymptotically selects the model that minimizes the mean squared error of prediction or estimation [27] . The posterior model probabilities, defined by the possible subsets of the risk factors, can be approximated using the Bayesian information criterion (BIC), a simple expression that involves only the maximum likelihood, the sample size, and the number of risk factors in the model [28] . We used both the AIC and BIC to compare the predictive value of the different models. The concordance index (C-index) was calculated to evaluate the discriminative ability of the different models [19] . RFS was assessed using the Kaplan-Meier method. A minimum-p value approach was used to evaluate the optimal threshold of RFS to divide the patients into early-and late-recurrence cohorts based on the duration of PRS [8] . A Cox proportional hazards regression model was used to identify the independent prognostic factors associated with RFS. Variables with a value of p < 0.05 in the univariate analysis were subsequently included in a multivariate analysis. In addition, we applied decision curve analysis, which evaluates the clinical utility of a prediction model by calculating its net benefit using the rate of true and false positives in varied risk thresholds for screening [29] . Statistical analyses were performed using SPSS v.18.0 for Windows (SPSS Inc., Chicago, IL, USA) and R (https ://www.r-proje ct.org/). p values less than 0.05 were considered statistically significant.
Results
Clinicopathological characteristics of the patients
The clinicopathological characteristics of the entire study population, which were stratified into patients with and without recurrence, are summarized in Table 1 . At the time of the last follow-up, 96 (23.9%) of the 401 patients had recurrence after gastrectomy. Compared with patients without recurrence, patients with recurrence exhibited poorer clinical features, such as higher tumor stage, larger tumor size and lymphovascular invasion (all p < 0.05). The median RFS, PRS and overall survival (OS) of the patients with recurrence were 12 (95% CI 10.8-12.6), 6 (95% CI 4.4-7.6), and 21 (95% CI 17.5-24.5) months, respectively.
Defining early and late recurrence
The evaluated early recurrence cutoff values and the associated survival outcomes, including the RFS, PRS, and OS, are shown in Table 2 . In the present study population, of the 96 patients with recurrence, the optimal length of RFS to distinguish between early and late recurrence, based on the subsequent PRS, was 12 months (p = 1.1 × 10 −5 ) (Fig. 1 ). The median RFS in the early (< 12 months) recurrence group (n = 44, 45.8%) was 7.0 months (95% CI 4.8-9.2), which was followed by a relatively limited PRS of 3.5 months (95% CI 2.5-4.5) (Supplementary Fig. 2 ). The patients with recurrence after 12 months (n = 52, 54.2%) had a median RFS of 21.0 months (95% CI 18.5-23.5), with a median PRS of 9.5 months (95% CI 7.8-11.2). The median OS was significantly longer for the patients with late recurrence (32.0 months, 95% CI 27.7-36.3) than for the patients with early recurrence (13.0 months, 95% CI 11.8-14.1, p < 0.001). The multivariate analysis revealed that early recurrence (HR 3.221, 95% CI 1.821-5.663) was an independent risk factor for PRS in patients with recurrence, independent of treatment after recurrence (HR 0.418, 95% CI 0.254-0.688) (Supplementary Table 1 ).
Clinicopathological characteristics of the patients with recurrence
The patients with early recurrence more often had a larger tumor size (61.3 vs 51.8 mm, p = 0.032) and higher levels of inflammatory indices, while patients with late recurrence more frequently received adjuvant chemotherapy (p < 0.001). There was no difference between the early recurrence and late recurrence groups in the observed recurrence patterns, including distant metastasis (36 vs 38, p = 0.310), local recurrence (6 vs 9, p = 0.622) and lymph nodal recurrence (15 vs 21, p = 0.526) ( Table 3 ). In addition, no significant differences were observed in treatment after recurrence between the early recurrence and late recurrence groups (p = 0.184). Supplementary Fig. 3 shows the ROC curves of four different preoperative inflammatory indices, including SII, NLR, PLR, and CAR. The area under the curve (AUC) values was 0.707, 0.651, 0.672, and 0.725, respectively (all p < 0.05) (Supplementary Table 2 ). The responding optimal cutoff 
ROC curves and optimal cutoff values of the preoperative inflammatory indices for early recurrence
Univariate and multivariate analyses of the factors associated with early recurrence
The univariate analysis of early recurrence in the whole cohort revealed that age, tumor size, pTNM stage, differentiation type, lymphovascular invasion, reconstruction methods, adjuvant chemotherapy, SII, NLR, PLR, and CAR were related to early recurrence. Further multivariate analyses revealed that CAR (HR 2.108, p = 0.028), pathological stage III (HR 10.560, p = 0.001), and adjuvant chemotherapy > 3 cycles (HR 0.151, p < 0.001) were independent predictive factors for early recurrence (Table 4) . SD standard deviation, preop preoperative, SII systemic immune-inflammatory index, NLR neutrophil-lymphocyte ratio, PLR platelet-lymphocyte ratio, CAR C-reactive protein-albumin ratio, IQR interquartile range, NA not applicable 
Incorporation of preoperative CAR levels into pTNM stage
Comparison of the clinical utility between the pTNM stage and the predictive model with CAR
As shown in Fig. 2 , we compared the net benefit of model B (composed of TNM stage with CAR) to model A (composed of only TNM stage) and demonstrated that in a wide range of threshold probabilities (1-70%), the clinical net benefit of the former was larger than that of the latter.
Effect of preoperative CAR on adjuvant chemotherapy in stage III patients
Based on the results of the multivariate analysis, we further investigated the effect of CAR on adjuvant chemotherapy in patients with stage III gastric cancer. According to the cycles of postoperative adjuvant chemotherapy (PAC), the stage III patients were divided into three groups as follows: group A: without PAC; group B: received 1-3 cycles of PAC; and group C: PAC > 3 cycles. Supplementary Table 3 shows the clinicopathological data from these three groups of patients. Figure 3A shows the early recurrence rate of the three groups of patients, of which group A had the same early recurrence rate as group B (A vs B: 53.8% vs 32.5%, p = 0.090). The differences between the other groups were statistically significant (B vs C: 32.5% vs 7.2%, p < 0.001, and A vs C: 53.8% vs 7.2%, p < 0.001). To explain the similar early recurrence rate between group A and group B, all patients in stage III were further divided into the CAR < 0.131 (LCAR) group and the CAR > 0.131 (HCAR) group according to the optimal CAR cutoff value. Further stratified analysis revealed that for patients with pathological stage III and LCAR, the risk of early recurrence was significantly lower in group B (17.3% vs 50.0%, p = 0.029) and group C (4.2% vs 50.0%, p < 0.001) than in group A. For patients with pathological stage III and HCAR, > 3 cycles of PAC significantly reduced the risk of early recurrence compared with those without PAC (16.0% vs 54.2%, p = 0.004), while the early recurrence rate of patients receiving 1-3 cycles of PAC was similar to that of patients without PAC (58.3% vs 54.2%, p = 0.824) (Fig. 3B-C) .
Discussion
Previous studies have shown that patients who suffer the early recurrence of a variety of malignancies have a poor prognosis. However, no evidence-based definition exists for the early recurrence of GC after radical gastrectomy. The results of this study indicated that the optimal cutoff value to differentiate between early and late recurrence, based on PRS, was a recurrence-free interval of at least 12 months. In addition, we also explored the independent risk factors associated with early recurrence, including preoperative CAR ≥ 0.131, pathological stage III, and PAC > 3 cycles, which were independent protective factors against early recurrence. Moreover, the use of TNM stage in combination with the preoperative CAR level improved the predictive ability and clinical utility of the model over the use of Throughout the literature, the definition of early recurrence after radical gastrectomy differs greatly. Eom and Ogata et al. defined early recurrence as recurrent disease within 1 year after surgery [13, 30] . Otsuji, Kang, Lai and Shiraishi et al. defined early recurrence as death from tumor recurrence within 2 years after surgery [12, 14, 15, 31] . Adachi et al. defined it as death from tumor recurrence within 3 years after surgery [32] . However, neither PRS outcomes nor potential differences between the two patient populations are mentioned. The use of OS or DFS as the primary outcome may be biased in determining early and late recurrence because patients with late recurrence experience a long period without recurrence, and thus, their OS and DFS are expected to be longer. To avoid this bias, this study, for the first time in the field of GC, used PRS as the outcome indicator and found that early recurrence should be defined as recurrence within 12 months after radical gastrectomy.
Since Virchow first discovered the relationship between inflammation and cancer [33] , increasingly more evidence shows that tumor progression is not only related to the intrinsic properties of the tumor cells but also inseparable from the body's inflammatory immune response [34] . A series of studies confirm that inflammatory indices such as NLR and CAR are closely related to the OS of gastric cancer [35] [36] [37] . However, few studies have focused on the predictive ability of inflammatory indices for postoperative recurrence, especially for early recurrence. In the present study, preoperative NLR, SII, PLR, and CAR were simultaneously included in the multivariate analysis, and only CAR (HR 2.108, 95% CI 1.082-4.107) was an independent risk factor for early recurrence, with the highest AUC value (0.725, sensitivity 55.8% and specificity 80.4%). Due to the high specificity of CAR, we recommend that physicians treating patients with preoperative CAR ≥ 0.131 adopt a more positive follow-up strategy with these patients. In addition, the predictive model B (composed of TNM stage with CAR) had a lower AIC and BIC and a higher C-index than model A (composed of only TNM stage), which suggested that model B had a good predictive ability for early recurrence compared to model A. In addition, we performed a decision curve analysis to evaluate the clinical utility of model A and model B by calculating the net benefit in various risk thresholds for screening. We found that in a wide range of threshold probabilities (1-70%), the curve of model B was always higher than that of model A, which implied that if we used a risk threshold from the given interval (e.g., 30%), screening should be recommended. Moreover, if an individual's risk was above the given threshold, then the calculated net benefit (the weighted sum of true positives subtracted by the number of false positives) was larger for model B than for model A.
Many studies have confirmed that PAC significantly prolongs RFS in patients with gastric cancer after radical gastrectomy [38, 39] . However, whether PAC effectively reduces the early recurrence rate has not been reported. The multivariate analysis of the whole cohort revealed that PAC with > 3 cycles (HR 0.151, 95% CI 0.058-0.393) effectively reduced the early recurrence rate. However, 1-3 cycles of PAC did not exert a protective effect against early recurrence. To explain this finding, according to the results of the multivariate analysis as well as the number of early recurrence cases, we further stratified the patients with pathologic stage III and found that, compared with the patients without PAC, the patients with preoperative CAR ≥ 0.131 did not benefit from 1 to 3 cycles of PAC. In the present study, for the first time, we found preoperative CAR to be a novel and promising predictor of PAC response, which may help physicians identify a subset of patients with GC who might benefit from adjuvant therapy after surgery. However, the molecular biological mechanism has not yet been elucidated. Compared with the predictive single-patient classifier test for chemotherapy found by Cheong [40] and the microsatellite instability proposed by An [41] and Choi [42] , CAR is easily detected from routinely performed, inexpensive blood tests without the need for additional specimens.
The present study has several limitations. First, this was an exploratory study conducted in a single center with a small sample size, which lacks external validation. Second, basic research is lacking to explore the detailed mechanism of how CAR is involved in the early recurrence and chemotherapy response of GC. Third, we did not analyze the relationship between neoadjuvant chemotherapy and early recurrence. Therefore, the conclusion may not be suitable for such patients. In addition, when patients were diagnosed with recurrence and after discussion with the MDT, some patients chose to receive treatment at the local hospital, so we did not have access to their detailed treatment regimens. Thus, the present study did not compare the detailed treatment regimens after recurrence between the early and late recurrence cohorts. Although the follow-up duration is short for our cohort, most patients with GC will experience recurrence within 2 years after radical gastrectomy [19] ; thus, our results still have some clinical significance. To the best of our knowledge, the present study is the first to establish an evidence-based definition of early recurrence and to explore the independent predictors associated with early recurrence, which may help clinicians stratify GC patients and make more suitable treatment decisions. This work also provides a research direction for further investigations into the prognostic stratification of patients with recurrence and for exploring factors related to chemotherapy benefits.
Conclusion
In summary, the results of the present study indicated that a recurrence-free interval of 12 months is the optimal threshold for differentiating between early and late recurrence based on the subsequent prognosis. Compared with other inflammatory indices, the preoperative CAR level was the only independent risk factor for early recurrence. Moreover, the predictive ability of early recurrence and clinical utility were significantly higher when a combination of preoperative CAR and TNM stage was used than when only TNM stage was used. More importantly, patients with pathological stage III and preoperative CAR < 0.131 benefited from PAC regardless of the number of cycles. However, 1-3 cycles of PAC may not exert a protective effect against early recurrence for patients with pathological stage III disease and preoperative CAR ≥ 0.131. Appropriately designed prospective studies are needed to further confirm this hypothesis. 
